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We report the possibility to modify the wetting properties of the surfaces of a diversity of seeds including: 
lentils (Lens culinaris), beans (Phaseolus vulgaris) and wheat (Triticum, species C9) by cold radiofrequency 
air plasma treatment. Air plasma treatment leads to the dramatic decrease in the apparent contact angle. 
Moreover, the speed of germination and yield (germination rate) of seeds can be modified by preliminary 
plasma treatment. The change in the wetting properties of seeds is at least partially due to oxidation of their 
surface under plasma treatment. Significant growth of the peaks corresponding to the nitrogen containing 
groups in the mass spectra of air plasma treated seeds was registered by TOF-SIMS spectroscopy. 

The plasma treatment of polymer surfaces is a widely used method to modify the physical and chemical 
properties of the surface 1 " 11 . The plasma treatment creates a complex mixture of surface functionalities 
which influence physical and chemical properties of the surface. In particular, it results in a dramatic change 
of wetting behavior of the surface 3 " 5 . Not only the chemical structure but also the roughness of the surface is 
affected by the plasma treatment, this also can change the wettability of the surface 12 . It has also been demon- 
strated that wetting of biological tissue (keratin) can be modified by low- temperature radiofrequency plasma 13 " 15 . 

Cold (non-equilibrium) radiofrequency plasma treatment of biological objects becomes an important tool for 
modification of their chemical and physical properties 13 " 17 . Cold plasma is capable of bacterial and fungi inac- 
tivation and noniflammatory tissue modification 16 " 17 . Wound healing and tissue regeneration can be achieved 
following various types of plasma treatment in a multitude of wound pathologies 18 . There are still many open 
issues with regard to the mechanisms of plasma action on cells and tissues 16 . For example, the chemistry of the 
plasma/tissue interaction and the exact roles of various plasma constituents in tissue treatment remain obscure. In 
our paper, we concentrate on the modification of wetting properties of the surfaces of various seeds by plasma 
leading to a significant change in their germination speed and eventual yield. 

Results 

Let us start from the examination of the surface of seeds. SEM images of the seeds and grains used in our 
investigation are depicted in Figure 1. It can be recognized that the surface of lentils and wheat grains is much 
rougher when compared with that of beans. The surface of lentils comprises granules with a characteristic size 
varying from 0.2 to 30 urn. It was supposed that these irregularly shaped, randomly distributed granules are built 
from proteins 19 . However, the surface of beans is rough also on a microscopic scale. Wetting of such microscop- 
ically-scaled rough surfaces is characterized by the so-called apparent contact angle defined as the angle between 
the tangent to the liquid-air interface and the apparent solid surface as macroscopically observed (the detailed 
topography of a rough surface cannot be viewed with regular optical means) 20,21 . The wetting of miscroscopically 
rough random surfaces is an extremely complicated phenomenon. The apparent contact angle results from a 
complex interplay of chemical composition and roughness of the surfaces 20,21 . It is agreed that the analysis of the 
wetting of rough inhomogeneous surfaces can be reduced to the Cassie and Wenzel models 22 " 24 . We will not enter 
into details of the wetting regimes occurring on surfaces of lentil and bean seeds, but rather focus on the changes in 
these regimes caused by cold plasma treatment. The apparent contact angles were established as 127 ±2° and 
98 ±2° for untreated lentils and beans correspondingly, as shown in Figures 2a, 3a, 4. The 15s cold air plasma 
irradiation of seeds decreased these angles to 20±1° and 53 ±1.5° for lentils and beans correspondingly (see 
Figures 2b, 3b). It should be stressed that this 15 s plasma treatment did not change the topography of the seed 
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Figure 1 | SEM images of (a) lentil seeds, scale bar is lum; (b) bean's surface, scale bar is 20 um; (c) wheat C9 grains, scale bar is 1 um. 
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Figure 2 | Water droplet deposited on untreated (a) and cold plasma treated (b) lentil seed. 
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Figure 3 | Water droplet deposited on untreated (a) and cold plasma treated (b) bean. 



Figure 4 | The "rose petal effect" observed on lentil seeds. High apparent contact angles are attended by a high adhesive wetting state. The droplet is 
attached to the surface even in the pending position. The same effect was observed with wheat grains. 




SCIENTIFIC REPORTS | 2 : 741 | DOI: 1 0.1 038/srep00741 



2 



surfaces, a fact established with high resolution SEM and ESEM 
monitoring. The most pronounced change in the wettability was 
observed with plasma-treated wheat C9, when the apparent contact 
angle changed from 115 ±2° to zero, as shown in Figure 5. Thus, 
plasma treatment in this case caused a transition from partial to 
complete wetting. The variation of the time span of plasma treatment 
in the range of 15s - 2min did not influence the wetting of irradiated 
seeds. 

Formation of cold radiofrequency plasma is accompanied by 
strong emission of UV radiation 16 . It is well-known that UV radi- 
ation modifies wetting properties of synthetic polymers 25 " 26 . In order 
to check the influence of UV emission on the wettability of seeds we 
exposed them solely to UV radiation at the wavelength of 254 nm 
during two minutes (corresponding to the maximal time of plasma 
treatment). We established that UV radiation did not modify the 
apparent contact angle of all kinds of seeds used in our study. 

The high initial apparent contact angles observed on lentil seeds 
and wheat grains catch the eye. It is reasonable to suggest that the 
rough surface of these seeds gives rise to the so-called "lotus" 
effect 27 ' 28 . However, both lentils and wheat grains do not demonstrate 
true superhydrophobicity. Actually, the high apparent contact angles 
observed on lentil seeds and wheat grains are accompanied by high 
contact angle hysteresis, as illustrated in Figure 4. Such behavior, 
when a superhydrophobic state is simultaneously sticky (high-adhes- 
ive), is typical for the "rose petal effect" inherent to a variety of 
biological objects which have been subjected recently to the intensive 
experimental and theoretical research 29 31 . 

Increased hydrophilicity, resulting in decreasing the apparent con- 
tact angle, caused by cold plasma treatment is well-known for syn- 
thetic polymers 1 " 10 . However, the initial hydrophobicity of synthetic 
polymers is restored with time (this effect is called the "hydrophobic 
recovery") 10 . It should be emphasized that we did not observe 
restored hydrophobicity while studying the seeds exposed to cold 
plasma. An absence of hydrophobic recovery was observed recently 
by our group for other biological objects i.e. keratin-built pigeon 
feathers and lycopodium 15 ' 32 . The mechanism of hydrophobic recov- 
ery remains mysterious, and various physical and chemical hypo- 
theses have been proposed for its explanation 10 ' 33 . 

The change in the wettability of beans and lentils gave rise to a 
change in the water absorption (imbibition) of these seeds, presented 
by Figure 6a-b. These graphs demonstrate the time dependence of 
the average water absorption normalized by the initial masses of 
seeds. This change is very pronounced for lentils during the first 
two hours of the experiment; however, the saturation line for both 
the irradiated and the non-irradiated lentils is the same. For beans, 
the difference between the irradiated and non- irradiated seeds is 
noticeable throughout entire time span of the experiment. For wheat 
grains, only a slight (but resolvable within the accuracy of the experi- 
ment) increase of water imbibition was observed during 240- 
300 min of the experiment, as shown in Figure 6c. 

The change in water imbibition caused by plasma irradiation was 
noticeable, but the increase in the germination speed was dramatic, 
as shown in Figure 7a-c. And it was more pronounced for lentils and 
wheat grains. The processes induced by plasma treatment of bio- 
logical objects are extremely complicated (and include amongst 
other effects of decontamination of seeds amongst other effects 1617 ); 
but it is reasonable to relate the observed drastic change in the ger- 
mination speed at least partially to the plasma modification of the 
wetting properties of seeds, as discussed above. It should be stressed 
that the eventual germination rates corresponding to the saturation 
part of the curves presented in Figure 7a- c increased for all the kinds 
of seeds included in the study. 

Discussion 

Modification of the seed germination performance through cold 
plasma treatment was investigated by Volin et al. 34 They reported a 



significant delay in the germination speed of seeds treated by 
Fluorocarbon plasmas 34 . The results reported by Volin et al. are 
opposite to our findings 34 . This discrepancy can be understood if 
we consider that in our experiments, the air plasma was exploited. 
It is agreed that the wetting properties of organic surfaces are corre- 
lated with the amount of oxygen- containing functional groups at the 
sample surface 3 ' 4 ' 35 . Indeed, the negative ion spectra of the seed sur- 
faces treated with plasma that were obtained with TOF-SIMS spec- 
troscopy, demonstrated 2.5-3 times more intense mass peaks of 
oxygen than in the spectra of non -treated seeds of all kinds used in 
our study, as shown in Figure 8a-c (note, that the ordinate axis is 
represented in the logarithmic scale). Cold air plasma treatment in 
our experiments enriched the surface of seeds with oxygen contain- 
ing functional groups. This resulted in the essential improvement in 
the wettability of seeds, and eventually influenced their germination 
speed. The delay of germination performance observed by Volin 
et al. in Ref. 34 obtains a natural explanation, if the increase in 
hydrophobicity of seeds exposed to Fluorocarbon plasmas is sug- 
gested. The significant growth of peaks corresponding to the CN" 
groups in the spectra of air plasma treated seeds is noteworthy. Volin 
et al. noted that incorporation of nitrogen onto the surface of seeds 
(see Figure 8a-c) has a positive effect on germination 34 . 

We also conclude that the modification of the wettability of seeds 
is not related to UV irradiation co -produced under plasma treat- 
ment. It looks reasonable to relate the phenomenon to the interaction 
of electrons and ions of plasma with the outer layer of a biological 
tissue. 

A lot of questions remain open, and perhaps the most important of 
them is the influence of cold plasma treatment on the genetics of 
seeds. The increased eventual yield of plasma-treated seeds can be at 
least partially related to anti-microbial and antifungal activity of the 
cold plasma 17 . The precise role of the surface chemistry and bio- 
logical factors in enhancing the yield has to be cleared up 36 . In par- 
ticular, the 0 2 and C0 2 permeability essential for germination could 
be modified by plasma treatment 36 " 38 . However, the reported results 
demonstrate that cold plasma treatment has a potential as a method 
of pre-treatment of seeds, increasing yield and controlling the ger- 
mination speed. The increase in hydrophilicity of the treated seeds 
may save a significant amount of water necessary for irrigation. This 
makes the reported result even more actual. The absence of hydro- 
phobic recovery makes possible a time span between plasma treat- 
ment and planting of seeds. It is reasonable to suggest that the 
existence of such a time span makes the proposed method of treat- 
ment of seeds flexible and convenient for agriculture. 

We conclude that cold radiofrequency air plasma treatment of 
seeds supplied the effective method of modification of their surface 
properties including wettability. Plasma treatment leads to the dra- 
matic decrease in the apparent contact angle of seeds. As a result, 
water imbibition of treated seeds increased. Perhaps, the most 
important result is the increase in the eventual germination rate 
(yield) of all kinds of seeds used in the investigation. TOF-SIMS 
spectroscopy has shown the significant increase in the concentration 
of oxygen- and nitrogen-containing groups at the surface of the 
plasma treated seeds. It is reasonable to relate the change of wett- 
ability of seeds to oxidation of their surfaces under plasma treatment. 
The absence of hydrophobic recovery was registered for the studied 
seeds. 

Methods 

Lentils (Lens culinaris), beans (Phaseolus vulgaris) and wheat (Triticum species C9) 
grains were exposed to inductive air plasma discharge under the following para- 
meters: the plasma frequency was of the order of 10 MHz, the power was 20 W, the 
pressure was P = 6.7' 10 ~ 2 Pa, the volume of the discharge chamber was 45 cm 3 . The 
time span of irradiation was varied from 15s to 2 min. The scheme of the experi- 
mental unit used for plasma treatment of seeds is depicted in Figure 9. Series of 10 
experiments were carried out for all kinds of seeds. 

After exposure to plasma the seeds were imaged by high resolution SEM (JSM-65 10 
LV) once more. Irradiated and non-irradiated seeds were also imaged by envir- 
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Figure 6 | The time dependence of water absorption (imbibition) by irradiated and non-irradiated (a) beans, (b) lentil seeds, (c) wheat grains. 
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Figure 7 | Time dependence of the germination speed of irradiated and non-irradiated (a) beans, (b) lentils, (c) wheat grains. 
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Figure 9 | Scheme of the plasma treatment of seeds. 



onmental scanning electron microscopy (ESEM), carried out with a Quanta 200 FEG 
(field emission gun) ESEM microscope. 

The wetting properties of lentils and beans were established using a Rame-Hart 
goniometer (model 500). Ten measurements were taken to calculate the mean 
apparent contact angles for both kinds of seeds. The plasma treatment was carried out 
under low vacuum conditions. Thus, it was necessary to study the influence of air 
evacuation on the wettability of seeds and grains. Seeds and grains were evacuated 
under the aforementioned pressure, corresponding to the conditions of plasma 
treatment, and the apparent contact angles were measured as described above. We 
established that evacuation did not influence the wetting properties of seeds and 
grains. For the study of hydrophobic recovery apparent contact angles were measured 
every day during one month after exposure of seeds to the plasma treatment. 

For the study of the impact of UV radiation on the wetting properties of seeds they 
were exposed to UV radiation produced by Camag UV lamp during 2 min. at the 
wavelength of 254 nm at the ambient conditions, the temperature was 24°C, the 
relative humidity was 30-40%. Apparent contact angles of UV- irradiated seeds were 
established as described above. 

For the study of the time dependence of water absorption (imbibition) by irradiated 
and non-irradiated beans, lentils and wheat grains (48 seeds of every kind) were 
placed on humid cotton batting at ambient conditions; the temperature was 24° C. 
Beans were weighed every two hours with a MRC ASB-220-C2 analytical balance. The 
relative water imbibition (absorption) was defined as: (AN(t)/N Q ) x 100% = 
[(N(t) - N 0 ) /No] x 100%, where N 0 is the total initial number of seeds, and N(t) is the 
running total number of germinated seeds. 

For the study of the time dependence of the germination speed of irradiated and 
non-irradiated beans, lentils and wheat grains (48 seeds of every kind) were placed on 
humid cotton batting at ambient conditions; the temperature was 24 °C, the relative 
humidity was 30-40%. Germination of seeds was determined when a distinct (visible 
to the eye) sprout appeared (for grounding this point as the "germination time" see 
Ref. 38). The relative portion of germinated seeds was plotted as a function of time. 

TOF-SIMS mass spectrometry of non-treated and treated seeds was carried out 
with the TOF SIMS5 Instrument (ION-TOF GmbH, Germany). The analysis beam 
was Bil + ; the sputter beam was 500 eV Cs+ beam. Electron flooding for sample 
charging neutralization was applied. The secondary negative ions spectra have been 
recorded in the static mode from 200/mi x 200/mi sample areas. All peak areas were 
normalized to C- mass peak area. Seeds were supplied by Sugat Co (Israel). 
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